Exploring Higgs Triplet Models via Vector Boson Scattering at the LHC 
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We present the results of a study of Higgs triplet boson production arising in the Littlest Higgs, 
Left-Right Symmetric, and Georgi-Machacek models in the W^W^, W^Z, W^W~ , and ZZ chan- 
nels at the LHC. We focus on the "gold-plated" purely leptonic decay modes and consider the 
irreducible electroweak, QCD, and i-quark backgrounds, applying a combination of forward-jet- 
tagging, central-jet-vetoing, and stringent leptonic cuts to suppress the backgrounds. We find that, 
given the constraints on the triplet vacuum expectation value (vev), considerable luminosity is re- 
quired to observe Higgs triplet bosons in vector boson scattering. Observing a Higgs triplet at the 
LHC is most promising in the Georgi-Machacek model due to a weaker constraint on the triplet 
vev. In this model, we find that a Higgs triplet boson with a mass of 1.0 (1.5) TeV can be observed 
at the LHC with an integrated luminosity as low as 41 (119) fb~^ in the W^W^ channel and as 
low as 171 (474) fb~^ in the W^Z channel. Observation of Higgs triplet bosons in these channels 
would help identify the underlying theory. 

PACS numbers: 12.60.Fr, 14.80.Fd, 12.15.Ji 
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I. INTRODUCTION 



A primary motivation for the CERN Large Hadron 
Collider is to understand the mechanism of electroweak 
symmetry breaking (EWSB) [H-Q- Related to under- 
standing EWSB is the need for physics beyond the Stan- 
dard Model (SM) to resolve the hierarchy and fine tuning 
problems between the electroweak scale and the Planck 
scale. Numerous solutions, such as Supersymmetry, Dy- 
namical Symmetry Breaking, and Extra Dimensions, 
have been proposed [H-Q. An interesting class of mod- 
els known as "Little Higgs" models [3| has a very rich 
phenomenology, including new heavy gauge bosons, new 
heavy quarks, and an expanded scalar sector. Much of 
this has been studied elsewhere [5l-[l0| with, for the most 
part, the exception of the scalar sector of the theory. 
Would-be Goldstone multiplets are a fundamental ingre- 
dient of these theories, and the existence of scalar triplets 
might be a useful signature for this class of models. 

It has been pointed out that doubly-charged members 
of the Higgs triplet ($^^) might serve as a good signal 
for these models if they are kinematically accessible at 
future colhders Han et al. Q studied the effects 
of resonant contributions from $++ W^W~^ in an 
idealized calculation of longitudinal W'^W^ scattering. 



W+W+ 



W^W^ , in the Littlest Higgs model. A more 
" found that a $++ 



detailed analysis by Azuelos et al. 
could be observed up to 2 TeV with the right range of 
parameters. However, the Littlest Higgs model also pre- 
dicts neutral ($*') and singly-charged ($^) members of 
the Higgs triplet with W+W-<^°, ZZ<^>°, and W+Z^~ 
interactions. If heavy scalars were observed, it would be 
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necessary to map out their properties to construct the 
underlying Lagrangian. For example, the W~^Z^~ ver- 
tex is unique to Higgs triplet representations and does 
not exist in Two Higgs Doublet Models (2HDM), so the 
observation of this interaction would provide evidence for 
Higgs triplets [lT| . 

The observation of a Higgs triplet state would not, 
however, uniquely identify the model of origin In ad- 
dition to the Littlest Higgs model, scalar triplets are also 
included in the Georgi-Machacek model [T^ and Left- 
Right Symmetric models [1^, |T3|. The so-called 3-3-1 
models [H, El] are another class of models that include 
Higgs triplets However, because 3-3-1 models are 

similar to variations of Little Higgs models, we will not 
consider them separately. To distinguish between mod- 
els, one therefore needs to study the properties of newly 
discovered scalar resonances. In this paper, we study 
vector boson scattering to determine whether it can be 
used to distinguish between models that include Higgs 
triplet bosons. Vector boson pair production was also 
considered as a signature of Higgless Models p!8l - [23j and 
other possibilities for new physics [l^, HI] but we do not 
include these scenarios in this paper. 

Higgs bosons can in principle couple to fermions and, 
in fact, a same sign dilepton final state would almost 
certainly be a cleaner signal for a doubly-charged Higgs 
boson than vector boson final states. Although this lep- 
ton number violating decay, — >• 1^1^, does not occur 
in the version of the Littlest Higgs model that we con- 
sider, it can occur in certain variations of the Littlest 
Higgs model [11], as well as in the Georgi-Machacek [27| 
and Left-Right Symmetric models |28l - l3(j | . It is therefore 
worth commenting on the relative strengths of the dilep- 
ton and VV channels. Neutrino masses are an impor- 
tant constraint on the allowed parameter range, which 
in turn leads to different decay scenarios for the Higgs 
triplet states [26,]. In one case, the small neutrino mass 
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can be driven by a tiny triplet vacuum expectation value 
(vev), but with neutrino Yukawa couplings 0(1), while 
in the opposite scenario it is the Yukawa couplings that 
are tiny to accomodate the observed neutrino masses. It 
is the latter case which can lead to a triplet vev that is 
large enough to give rise to the signal we are studying. 

In this paper, we report on a study of heavy scalar 
triplet production via vector boson scattering in the 
W^W^, W^Z, W+W-, and ZZ channels. The models 
we consider are the Littlest Higgs Model, the Georgi- 
Machacek Model and the Left-Right Symmetric Model. 
We focus on the purely leptonic decays of the vector 
bosons, which have the advantage of lower SM QCD 
backgrounds. The final states we consider are there- 
fore W^W^ l^vl^v, W^Z l^vl+l-, W+W- 
l^vl^v and ZZ l^l^l^l^ . These processes have been 
extensively studied in the context of strongly interact- 
ing weak sector models [sTI - is^ and previous studies of 
doubly-charged Higgs boson production at the LHC in 
the Littlest Higgs and Left -Rig ht Symmetric models were 
given by Azuelos et al. 0, l3Cll | 

In the following section, we give a brief introduction to 
the models we study in this paper, focusing on properties 
most relevant to our analysis. This is followed in Section 
HI by a description of calculational details. In Section 
IV we describe possible backgrounds and the kinematic 
cuts that can be used to reduce them. Our results are 
given in Section V followed by a brief summary of our 
conclusions in Section VI. 



II. MODELS 

In this section, we give a brief overview of the Lit- 
tlest Higgs, Georgi-Machacek, and Left-Right Symmet- 
ric models. It is not intended to be an extensive review 
but only gives details used in our analysis. The Feyn- 
man rules needed for our calculations are summarized in 
Table H 



A. The Littlest Higgs Model 

Little Higgs models d, [H, HI] are a class of models 
that attempt to resolve the hierarchy and fine-tuning 
problems between the electroweak scale and the Planck 
scale. There are many variations of Little Higgs mod- 
els (for recent reviews, see [1, 0, jH, [S^])- In this paper, 
we consider the Littlest Higgs Model [J], which intro- 
duces new particles at a scale / ^ 1 TeV in addition to 
the particles of the Standard Model. The couplings of 
these particles to the SM Higgs boson are such that the 
quadratic divergences to Af^ introduced by the SM loops 
are cancelled by the quadratic divergences introduced by 
the new TeV scale particles at one-loop level. As a result, 
the SM Higgs boson remains light and free from one-loop 
quadratic sensitivity up to a cutoff scale, A5 = 47r/ ^10 
TeV. 



The scalar field content of the Littlest Higgs model con- 
sists of a doublet, /i, and a triplet, 0, under the unbroken 
SU{2)l X U{1)y Standard Model gauge group: 





(1) 



Electroweak symmetry breaking results in a vev for the 
neutral components of both the doublet and the triplet 
fields: = and {icjP) = v' . The doublet and 

triplet states acquire masses, the latter of which is given 
to leading order by Q 



Ml 



2 f2 



2Mif 



1 



w2 [1 - (4w'//t;2)2 



(2) 



TABLE I: Feynman Rules for the interactions of scalar and 
vector bosons in the Littlest Higgs 1^, Georgi-Machacek [23] 
and Left-Right Symmetric models [291 ]. 

Littlest Higgs 



w+w-h 



ZnZi,h 



W+Z,^' 



-.9'- ( 1 



3/^ 



_i((c2_s2)2+5(c'2-s'2)2)^ 
-^g\sov-2V2v')g^,~0 

-i^{V2so - s+){pi -P2)m ==; -ig^ipi - 
"iig^v'gf,^ 



Georgi-Machacek 



Z^Zi, Hi 

w+w-m 

Z^ZuH^ 
W+Z,H- 

w+mn- 

W+W+H^' 

w+w-m' 

z^z^hI' 



(l - 8^) g,. 
2^ V 



1-8^ 



lig^v'g^,. 



l4 9l 



2 ^ 



2ig'^v'g^^ 
4 • 2 / 

4 • / 



Left-Right Symmetric 



w+w-h 

Z^ Zu h 

W+W-Al 
Z^ Zu/S^l^ 

W+Z^Al 

W+hAl 

W+W+AJ- 



^9'^^^9t^-^ 
^ji-vg^u 

w 

\/2ig'^v'g^^ 
2V2i4-v'g^^ 







-2ig v'g^^ 
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By demanding that Ajf| > 0, we arrive at a relation be- 
tween the doublet and triplet vevs [3, Q : 



V V 



(3) 



For f — 2 TeV and v sa 246 GeV, this gives an upper 
bound 



v' <8 GeV. 



(4) 



The value of v' has been further constrained by elec- 
troweak data to 1 GeV < w' < 4 GeV for / = 2 TeV 

M. 



B. The Georgi-Machacek Model 

The next model we consider is the Georgi-Machacek 
model uM, in which the scalar fields take the form 



X 

X- e 
V X- r 



e x' 



(5) 



0* 



where is a complex doublet, ^ is a real triplet and x is a 
complex triplet. Electroweak symmetry breaking occurs 
when the neutral components of these fields develop a 
non-zero vev, given by — and (x°) — = 



It is convenient to introduce the notation 



2 



a 



y1 



as the W and Z bosons masses are given by 



= M| cos^ ( 



1 2/2 

i-9 (« 



o /2\ 1 2 2 

-8v ) — -q V . 
' 4 



(6) 
(7) 

(8) 



We substituted the relations given by Eqiis. HI [7] and [5] 
into the Feynman rules given by Ref. |27| so that the 
Fcynman rules in Table U use a common notation. 

The physical scalars in this model can be classified ac- 
cording to their transformation properties under the cus- 
todial SU(2) symmetry, which also guarantees that p = 1 
at tree-level. One finds a five-plet (H^^, H^, H^), a 
three-plet {Hf, H^^), and two singlets, (which is iden- 
tified as the SM Higgs boson) and Hi' . In this paper, we 
are interested in the production of the H5 triplet as these 
particles couple to the and Z bosons, whereas the 
H3 triplet does not. 

From Equation m we see that v — \/a^ + 8v^ « 246 
GeV, but the ratio v' /a is not fixed. The strongest ex- 
perimental bound on this ratio comes from the Zbb cou- 
pling measurements, which give, at 95% C.L., tan^^f = 
sh/ch ^ 0.5J.and 1.7 for Mh^ = 0.1,0.5 and 1 TeV, 
respectively [3^. A value of ta,n9H —0.5 corresponds 
to a triplet vev of v' = 39 GeV, which we use in all our 
calculations. 



C. The Left-Right Symmetric Model 

The scalar sector of the SU(Til x SU{2)r x 
Left- Right Symmetric model [iJ: 13 given by [23, S^] 

A„ = (^yf- ^y.S\. (11) 



where left-right symmetry requires that the Lagrangian 
of the theory is invariant under O A/j and (/> O 0^. 
The vacuum expectation values of the doublet and triplet 
are given by 



(0> 





f Kl 




^ 









^ VL^R 



(12) 



(13) 



The triplet vevs {vl.vr) break SU{2)l x SU{2)r x 
U{1)b-l ^ SU{2)l X t/(l)Y, while the doublet, 0, 
breaks SU{2)l x U{1)y U{1)em- 

In this paper we are interested in the production of the 
left triplet, A^, as it couples to the Standard Model 
and Z bosons. The left triplet vev, t^i, is constrained by 
the p parameter, given by p8l[29j: 



1 + 2vl/v^ 



cos2 OwM 



1 + Avl/v'^ 



(14) 



-0.0027 
0.0007 



at 2a kll im- 



The experimental result p — 1.0004" 
plies that ul ^ 3 GeV, a small value compared with 
V = + K2 ~ 246 GeV. Note that due to the factor 
of I/V2 in Equation [T3I we define the triplet vev in this 
model as v' = vl/^/2 to be consistent with the conven- 
tions of the other models under study. Using this nota- 
tion, the upper limit on the triplet vev becomes v' ^ 2 
GeV. 



III. CALCULATIONS 

The production mechanism for scalar triplet bosons via 
vector boson scattering at the LHC is illustrated in Fig.[T] 
The incoming quarks from the colliding protons radiate 
vector bosons {V = W^,Z), which interact to produce 
the Higgs triplet. The Higgs triplet then decays to vector 
bosons, accompanied by two spectator quark jets that 
emerge in the forward region of the detector. The forward 
jets are the hallmark of the vector boson fusion process 
and are an important tool to reduce backgrounds. We 
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study the production of all members of the scalar triplet: 
via W^W^ scattering, <1>^ via W^Z scattering, 
and $° via W^W~ and ZZ scattering. 

To calculate the pp — jj — )■ VV+jj cross sections 
and kinematic distributions, we used the MadGraph soft- 
ware package [42] . MadGraph generates tree-level matrix 
elements and then generates events using Monte Carlo 
phase space integration. We then analyzed the gener- 
ated events, including implementing kinematic cuts. We 
show the resulting kinematic distributions in figures and 
the cross sections in tables. 

We implemented the relevant scalar sector Feynman 
rules for the Littlest Higgs model @, the Georgi- 
Machacek model and the Left-Right Symmetric 

model ^ in MadGraph (see Table H]). Note that in the 
Littlest Higgs model, the scalar sector mixing angles are 
given to leading order by sq = V^s+ ~ 2^/2v'/v [6]. This 
results in a value of zero for the VF+M^"^'' vertex so we 
did not study the W~^W~ scattering process in the Lit- 
tlest Higgs model. In the WWh and ZZh vertices of the 
Littlest Higgs model, we did not include the 0{v'^ / p) 
terms in our calculations since their contributions are 
negligible for our purposes, regardless of the values of 
the mixing angles {s^c, s' ^d) in the gauge sector of this 
model. 

It is interesting to note some of the similarities and 
differences in the Feynman rules of each model. For ex- 
ample, the VK+W+<I> vertex has the same form in all 
three models. This is due to the fact that the doubly- 
charged member of the triplet has the same EW quan- 
tum numbers in each model. However, because the 
of the Georgi-Machacek model is a mixture of the 
and states, which have [T^^^Y) = (0,±2) and (±1,0) 
respectively, this model does not have the same Z^^ 
vertex as in the Littlest Higgs and Left-Right Symmetric 
models. 

In principle, one could also use vector boson scattering 
to study the production of the Hf singlet in the Georgi- 
Machacek model. From the Feynman rules in Table HI 
we see that it couples more strongly to the W and Z 




FIG. 1: Higgs triplet production via vector boson scatter- 
ing at the LHC. The incoming quarks from the colliding pro- 
tons radiate vector bosons, which interact to produce a Higgs 
triplet as an s-channel resonance. Two vector bosons emerge 
in the final state, along with two forward spectator quark jets. 



bosons than the triplet does. Therefore, depending 
on its mass, the H^' may be more easily observable in the 
W~^W~ and ZZ channels. Production of the if"' is also 
a potential background to the production process, 
which we are interested in studying. However, because 
we are focusing on members of the Higgs triplet, for sim- 
plicity, we do not include H^' production in our analysis. 

Hadronic decays of the vector bosons have the largest 
branching ratios. However, the QCD backgrounds to 
these final states are very large and difficult to disen- 
tangle from the signal. In contrast, the purely leptonic 
decays, with — )■ l^i/ and Z — {I = e,/i), pro- 
vide a much cleaner signal than hadronic decays, at the 
cost of a smaller branching ratio. These purely leptonic 
final states are often referred to as "gold-plated" modes. 
A final possibility is to consider semileptonic final states, 
sometimes referred to as "silver-plated" modes, which are 
intermediate in terms of branching ratios and clean final 
states. As expertise for reconstructing vector bosons in 
hadronic modes improves, these final states could prove 
to be useful for studying vector boson scattering. How- 
ever, in this paper we focus on the "gold-plated" leptonic 
final states. 

MadGraph includes many diagrams with the same lep- 
tonic final state as the process in which we are interested. 
Therefore, having MadGraph calculate the full process 
including decays to final state leptons includes a very 
large number of non-resonant diagrams and takes con- 
siderable computing time. Instead, we used MadGraph 
to calculate the — > $ + jj — > VV + jj processes and 
subsequently decayed the vector bosons using the DE- 
CAY package of MadGraph. We compared cross sections 
and distributions using both approaches and they agreed 
within the statistical uncertainties of the Monte Carlo. 

As a final check of our results, we calculated cross sec- 
tions using the Effective Vector Boson Approximation 
[43| and the Goldstone Equivalence Theorem and 
found that the two approaches were in reasonable agree- 
ment [4^. MadGraph includes a more complete set of 
Feynman diagrams that contributes to the final states we 
are studying and, more importantly, includes the specta- 
tor jets which are a crucial ingredient for reducing back- 
grounds. 

IV. BACKGROUNDS 

At the high energies associated with TeV scale Higgs 
boson production at the LHC, the cross section for vector 
boson scattering is dominated by scattering of longitudi- 
nally polarized gauge bosons, VlVl — <& — VlVl, where 
V = W^, Z. Therefore, the signal process in which we 
are interested is 

pp -> VLVdj, (15) 

with both vector bosons decaying leptonically. In gen- 
eral, the experimental signature consists of high-p^ lep- 
tons in the central region of the detector, two high-p^ 
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forward jets and low jet activity in the central region. 
We consider three types of backgrounds to this signal 
following the treatment of (3ll-l33|. 

The first background is the irreducible electroweak 
(EW) background. It is similar to the signal process ex- 
cept that at least one of the vector bosons is transversely 
polarized: 

pp ^ VtVlJj, (16) 
pp VtVtJj. (17) 

This process is a background in the sense that its cross 
section is essentially insensitive to the new TeV scale 
physics that we wish to study. It is irreducible in the 
sense that the final state is virtually identical to the signal 
process, differing only by the polarization of the vector 
bosons, making this background difficult to reduce using 
simple kinematic cuts. In principle, if one could distin- 
guish between the final state vector boson polarizations, 
this background could be considerably reduced. A recent 
paper by Han et al. argues that this can be done [46l |. 
In any case, we find that the cuts we implement reduce 
this background to a manageable level. We therefore de- 
fine our signal cross section for TeV scale Higgs boson 
production through vector boson scattering as 

^signal 

{pp VlVlH) 
= crtotalipp VVjj) - crsAiipp VVjj), {18) 

where <jsm{pp — ^ Wjj) is the cross section for the 
EW background process of the Standard Model, and 
(Jtotai{pp ~^ Wjj) includes the contributions from the 
Higgs triplet model under consideration. 

The second class of background processes are QCD 
backgrounds, which involve the production of two vec- 
tor bosons plus additional jets: 

pp^VV + nj, (19) 

where n is the number of jets in the final state, typically 
with n = 2. We also include the 1-jet background because 
we only tag one forward jet in our analysis. It is possible 
to tag two high-pr forward jets, but such double tagging 
has been shown to be too costly to the number of signal 
events [3l|. Therefore, we choose to tag a single forward 
jet in our analysis, as this retains a larger fraction of the 
signal events. 

We evaluate these backgrounds to order 0{a'^a"), 
where n = 1 or 2, in contrast to the irreducible EW back- 
ground, which is of order 0{a'^). Since the VV scatter- 
ing signal is a purely electroweak process with no colour 
exchange and relatively low jet activity in the central 
region, the jets arising in the QCD background are gen- 
erally more central and have higher px than the specta- 
tor jets from the signal events. Therefore, in addition to 
a forward jet tag, imposing a central jet veto to reject 
events with hard central jets is very useful in reducing 
the QCD background. 

The third type of background we consider includes top 
quarks in the final state, generally along with a vector 



boson and possibly an additional jet: 

pp Vtt, (20) 
pp ^ Vttj. (21) 

These backgrounds arise from the leptonic decays of the 
vector boson, V — or Z, along with the t and t de- 
caying into real W bosons, which then decay leptonically 
or hadronically. The resulting final state can have many 
leptons and jets that can mimic the signal. Fortunately, 
unlike the jets from the signal process, the jets from the 
t-quark background tend to emerge in the central region 
of the detector. Therefore, the t-quark background can 
also be suppressed by imposing a forward jet tag and a 
central jet veto. 

In the following subsections we give a more detailed 
description of the backgrounds to each of the final states 
and the kinematic cuts we use to reduce them to man- 
ageable levels. 

A. W^W^ 

The SM backgrounds to the W^W^ channel are: 

• EW Background: 

pp^W^W^jj, 0{a'^) (22) 

• QCD Background: 

pp^W^W^jj,0{a'^a^,) (23) 

• Top Quark Background: 

pp W^ti, (24) 
pp W^ttj, (25) 

with t Wh. 

• W^Z Background: 

pp^W^Z + nj (26) 

with the and Z decaying leptonically, W^Z — > 
l^vl'^l~ . This process is a background to the 
W^W^ signal if the P from the Z decay is not 
observed, due to the finite coverage of the EM 
calorimeter. We therefore include all the EW, QCD 
and t-quark backgrounds to the W^Z channel as 
backgrounds to the W^W^ channel. 

We include the W~^W^ final state as well as the 
charge-conjugate W~W~ final state to enhance our 
statistics in this channel. Note that the cross sections 
for the two charge-conjugate channels are not identical 
due to different parton distribution functions contribut- 
ing to the different charge states. 

For the W^W^ channel, the leptonic decay mode in 
which we are interested is W^W^ l^vl^v, where 
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I = e, II. Because of the neutrinos in the final state, the 
W boson pair cannot be fully reconstructed. Therefore, 
we consider the cluster transverse mass of the WW pair 
[33I I47I l48j rather than the WW invariant mass distri- 
bution. In general, for a pair of vector bosons decaying 
leptonically, we define the cluster transverse mass as 



M^{VV) = 



E. 



leptons 



leptons I / 

Pt + Pt 



(27) 



where Et — \J M"^ + p^, and M is the invariant mass. 
Therefore, the WW cluster transverse mass is given by 



M^{WW) 



^AP(ll)+pl{ll) + \lA'P{yv) + \i>TY 



- [pt(//)+ 



(28) 



r 



where Pt('0 — Pt(^i) + Vrih)- However, since the in- 
variant mass of the two neutrinos, Miyv), cannot be re- 
constructed, we instead define the WW cluster transverse 



Ml{WW) = 



(29) 



With this definition, the production of a doubly-charged 
Higgs boson through W^W^ scattering results in a 
broad peak in the Mt{WW) distribution with an end- 
point at approximately the resonance mass. This can 
clearly be seen in Fig. |3] for the M$ = 1 TeV case, 
while the broader width for the M$ = 1.5 TeV 

case smears out the Mt{WW) distribution. 

B. W^Z 

In the W^Z channel, we consider the following SM 
backgrounds: 

• EW Background: 

pp ^ W^Zjj, Oia^) 

• QCD Background: 



(30) 



pp W^Zj, 0{a^a,) 
pp ^ W^Zjj, 0(a2a2) 

Top Quark Background: 

pp — > Zti, 
pp Zttj, 

with t Wb. 



(31) 
(32) 



(33) 
(34) 



Note that we consider the W^Z final state as well as the 
charge-conjugate W~Z final state to enhance our statis- 
tics in this channel. 



Using Equation [27l we obtain the WZ cluster trans- 
verse mass: 



M^{WZ) 



AP{iii)+p^{m) + \i>j, 
- [pt(^^0+ i'T 



(35) 



The MriWZ) distribution for singly-charged Higgs bo- 
son production through W Z scattering shows a distinc- 
tive peak at the resonance mass, as seen in Fig. S) 



c. w+w- 

In the W~^W~ channel, we consider the following SM 
backgrounds: 



• EW Background: 

pp W+W-jj, 0{a'^) 

• QCD Background: 

pp W+W-j, 0{a^as) 
pp W+W-jj, 0{a^al) 

• Top Quark Background: 

pp tt, 
pp ^ ttj, 

with t Wb. 



(36) 



(37) 
(38) 



(39) 
(40) 



The W+Z scattering process may also be a background 
to the W+W^ channel if the 1+ from the Z decay is not 
detected. However, this is far less important than the 
large QCD and i-quark backgrounds to W+W~ scatter- 
ing, so it will be neglected. 

As in the W^W+^ channel, the W+W~ invariant mass 
cannot be fully reconstructed for leptonic final states, so 
instead we use the W+W~ cluster transverse mass, also 
given by Equation!^ 
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D. ZZ 

In the ZZ channel, we consider the following SM back- 
grounds: 

• EW Background: 

VV -> ZZ3J, Oia") (41) 

• QCD Background: 

pp ^ ZZj, Oia^a,) (42) 
pp ^ ZZjj, 0{a^al) (43) 

An advantage of the ZZ — )• 4/ decay mode is that we can 
completely reconstruct the final state and make use of 
the ZZ invariant mass distribution in our results. 



E. Kinematic Cuts 

The kinematic cuts used to reduce the SM back grou nds 
to vector boson scattering are well established [3ll - l34| . 
Our values for the cuts are summarized in Table |IT1 We 
impose cuts on the px of all charged leptons, the missing 
transverse momentum {^x) the W^Z channel, and 
impose back-to-back lepton cuts {Ay{ll) and Aprill)) in 
the VK^H^^ and W^W~ channels. We impose rapidity 
cuts on the final state leptons of \y{l)\ < 2.5 and on the 
tag jet of 3.0 < \y{jtag)\ < 5.0 to take into account de- 
tector acceptances. Imposing a central jet veto was not 
necessary in the ZZ channel, as this would further reduce 
the already small number of signal events. Note that the 
central jet veto cuts are to be interpreted as: "Reject all 
events with jets having \y\ < y^ax and pr > PT„iin" ■ 
It should also be noted that, although we tag a single 
energetic forward jet with high-py, all jets are assumed 
to have pt > 10 GeV by default. This is required in 
order for MadGraph to achieve stable results in its cal- 
culations. We find that these choices of cuts are effective 
in improving the signal to background ratio. 

V. RESULTS 

We used the MadGraph software package [43|, ver- 
sion 4.2.6, to generate weighted signal and background 
events. To obtain our results, we used the following SM 
input parameters [4l|: Gp = 1.16637 x IQ-^ GeV^^, 
Mz = 91.188 GeV, a{Mz) = 1/127.9, as{Mz) = 0.118, 
Mt — 171.2 GeV. We assumed a SM Higgs boson mass 
of Mh = 120 GeV and used the CTEQ6M parton dis- 
tribution functions [i^. We assumed the nominal LHC 
energy of ^/s = 14 TeV and an integrated luminosity of 
£ = 100 fb"^ to obtain our results. 

In the Higgs triplet models that we studied, there 
are additional parameters in the scalar sector that must 
be defined. For all models, we use triplet masses of 



TABLE II: Leptonic cuts and jet cuts used in vector boson 
scattering to enhance the signal to background ratio. Note 
that the central jet veto cuts are to be interpreted as: "Reject 
all events with jets having \y\ < y^ax and pr > PT„ii„" 



Leptonic Cuts 


Jet Cuts 




\y{l)\ < 2.5 


3.0 < \yijta,)\ < 5.0 


Pt{Ii) > 200 GeV 


PrUtag) > 40 GeV 


Prih) > 50 GeV 


E{jtaa) > 500 GeV 


Apt{U) = \pt{Ii) -pt{12)\ > 300 GeV \y{jveto)\ < 3.0 


Ay{ll) = \y{h)^y{l2)\ <3 


PrUveto) > 100 GeV 


MriVVW) > 550 (800) GeV 




for M$ = 1.0 (1.5) TeV 






\y{l)\ < 2.5 


3.0 < \y{jtag)\ < 5.0 


Pt{Ii) > 150 GeV 


PrUtag) > 40 GeV 


prih) > 50 GeV 


EUtag) > 500 GeV 


Prih) > 50 GeV 


\y{jvcto)\ < 3.0 


i>T > 50 GeV 


PTijv.to) > 100 GeV 


Mt{WZ) > 900 (1250) GeV 




for Ms. = 1.0 (1.5) TeV 




w+w- 


\y{l)\ < 2.5 


3.0 < \y{jtag)\ < 5.0 


Pt{Ii) > 300 GeV 


Prijtag) > 40 GeV 


prih) > 150 GeV 


E{jtag) > 800 GeV 


Aprill) = \pT{h)-PT{l2)\ > 500 GeV \y{jveto)\ < 3.0 


Ay{ll) = \y{h) - y{l2)\ < 3 


PTijveto) > 60 GeV 


MriVVW) > 700 (1000) GeV 




for Ms. = 1.0 (1.5) TeV 




ZZ 


\y(l)\ <2.5 


3.0 < \y{jtag)\ < 5.0 


Pt{1) > 70 GeV 


PTijtag) > 40 GeV 


M{ZZ) > 900 (1250) GeV 


E{jtag) > 500 GeV 


for M$ = 1.0 (1.5) TeV 


no jet veto 



M$ = 1.0 and 1.5 TeV and a triplet vev of v' = 39 GeV; 
as discussed in Section II, this value of the triplet vev 
corresponds to the upper bound in the Georgi-Machacek 
model. In the Littlest Higgs model, the symmetry break- 
ing scale, /, is an additional parameter that we set to 
f — 2 TeV. With these parameter values, we used the 
BRIDGE |5fl|] package of MadGraph to calculate the 
scalar triplet decay widths for each of the models, and 
the resulting values are given in Table IIIII 

For the purpose of discussion we start with W^Z 
scattering as a representative case. The process is 
pp — W^Zjj with, for the "gold-plated" leptonic decay 
modes, — )• l^^iy and Z — ^ l^l^ {I = e,/i). The exper- 
imental signature is given by two high-pr forward jets, 
along with three high-p^ charged leptons in the central 
region of the detector. This is accompanied by a large 



8 




FIG. 2: The transverse mass distributions for the W^Z signals of the Littlest Higgs (LH), Georgi-Machacek (CM) and Left- 
Right Symmetric (LR) models, along with the backgrounds, before and after imposing the cuts of Table UT] A Higgs triplet 
mass of M<s> — 1.0 TeV was used, along with a triplet vev of «' = 39 GeV, assuming an integrated luminosity of £ = 100 fb^^. 
Note that the backgrounds are stacked, whereas the signal lines are not. 



amount of missing pT attributed to the undetected neu- 
trino. The transverse mass distributions for each type of 
background along with the W^Z signal before and after 
imposing the cuts of Table are shovifn in Fig. [2l for 
a triplet mass of M$ = 1.0 TeV. It can be seen from 
this figure that our choice of cuts reduces the irreducible 
EW background to a manageable level and substantially 
reduces the QCD and t-quark backgrounds. 

All channels shovif qualitatively similar improvements 
in the signal to background ratio, so for the remaining 
channels we simply show the resulting mass distributions 
after imposing the kinematic cuts given in Table [III The 
resulting cluster transverse mass distributions for the 
W^W^, W^Z, and W~^W~ channels, and the invari- 
ant mass distribution for the ZZ channel are shown in 
Figs.Hnifor = 1.0 and 1.5 TeV. 

To better understand these plots, it is helpful to re- 
fer to the scalar triplet partial widths in these models, 
which are given in Table imi We start with the W^W^ 
channel shown in Fig. [31 The transverse mass distribu- 
tions for all three models in the W^W^ channel lie on 
top of each other because the doubly-charged member of 
the scalar triplet has identical W+iy+<I> vertices and 
the same decay width in each model. In contrast, the 
W^Z channel, shown in Fig. HI exhibits differences be- 
tween all three models. The peak width for the Littlest 
Higgs model signal is larger than that of the Left-Right 
Symmetric model signal because, although they have the 
same W^Z^~ vertex, the of the Littlest Higgs model 



can also decay to W h, resulting in a larger width. 
Furthermore, although the of the Georgi-Machacek 
model can only decay to W^Z, as discussed previously, 
the W^ZH^ coupling is larger by a factor of com- 
pared to the W~^ZA2 coupling in the Left- Right Sym- 
metric model, resulting in a width that is a factor of 
two larger than the width and also a larger produc- 
tion cross section. Finally, the differential cross sections 
in the ZZ channel shown in Figure |6] differ quite sig- 
nificantly due to the different ^'^ZZ couplings and $° 
widths. The width of the neutral member of the scalar 
triplet is smallest in the Littlest Higgs model, partially 
due to the absence of the <I>° W^W~ decay mode at 
leading order in this model, but also due to the value 
of the couphng. In both the GM and LR models 

the can also decay W~^W~ which increases the total 
width. These effects are not so apparent in the W~^W~ 
channel because the signal is more deeply buried in the 
background. 

More quantitatively, in Table ITVl we give the cross sec- 
tions for the signal and backgrounds after imposing the 
cuts of Table [Hi We show cross sections for the Lit- 
tlest Higgs model, the Georgi-Machacek model, and the 
Left-Right Symmetric model for scalar triplet masses of 
Af$ = 1.0 and 1.5 TeV. The row labelled as EW-SM 
is the Standard Model cross section, assuming a Higgs 
mass of Alh = 120 GeV, which we refer to in the text 
as the irreducible EW background. The rows labelled as 
Signal-LH, Signal-GM, and Signal-LR are the difference 
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FIG. 3: The transverse mass distributions for W^W^ scattering in the Littlest Higgs (LH), Georgi-Machacek (GM) and 
Left- Right Symmetric (LR) models, along with the backgrounds, after imposing the cuts of Table [III Higgs triplet masses of 
MiS> — 1.0 and L5 TeV were used, along with a triplet vev of v' = 39 GeV, assuming an integrated luminosity of £ = 100 fb~^. 
Note that the backgrounds are stacked, whereas the signal lines are not. 




Mt(W±Z) (GeV) Mt(W±Z) (GeV) 



FIG. 4: The transverse mass distributions for W^Z scattering in the Littlest Higgs (LH), Georgi-Machacek (GM) and Left- 
Right Symmetric (LR) models, along with the backgrounds, after imposing the cuts of Table |TI] Higgs triplet masses of 
A/# = 1.0 and 1.5 TeV were used, along with a triplet vev of v' — 39 GeV, assuming an integrated luminosity of £ = 100 fb~^. 
Note that the backgrounds are stacked, whereas the signal lines are not. 
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FIG. 5: The transverse mass distributions for W^W~ scattering in the Georgi-Machacek (GM) and Left-Right Symmetric 
(LR) models (this signal does not exist in the Littlest Higgs model at lowest order), along with the backgrounds, after imposing 
the cuts of Table im Higgs triplet masses of M# = 1.0 and 1.5 TeV were used, along with a triplet vev of v' = 39 GeV, assuming 
an integrated luminosity of £ = 100 fb~^. Note that the backgrounds are stacked, whereas the signal lines are not. 




1000 1200 1400 1600 1800 2000 

M(ZZ) (GeV) 




1400 1600 1800 



2000 2200 

M(ZZ) (GeV) 



FIG. 6: The invariant mass distributions for ZZ scattering in the Littlest Higgs (LH), Georgi-Machacek (GM) and Left-Right 
Symmetric (LR) models, along with the backgrounds, after imposing the cuts of Table [III Higgs triplet masses of M,s, = 1.0 
and 1.5 TeV were used, along with a triplet vev of v' — 39 GeV, assuming an integrated luminosity ol C — 100 fb~^. Note that 
the backgrounds are stacked, whereas the signal lines are not. 



11 



TABLE III: The partial widths of the Higgs triplet bosons for the models studied in this paper. The widths are in GeV. 







Littlest Higj 


5s 


Georgi- 


Machacek 


Left-Right Symmetric 






l\/f — 1 n TpV 


= 1.5 TeV 




i I J. <p -L . _L C V 


= 1.0 TeV 


AU = 1.5 TeV 


Decay 




(GeV) 


(GeV) 


(GeV) 


(GeV) 


(GeV) 


(GeV) 


r(<i>±± 


^ W±W±) 


64 


220 


64 


220 


64 


220 


r($± - 


> W^Z) 


32 


110 


63 


220 


32 


110 


r($± - 


> W^h) 


42 


150 










r($o -> 


. W+W-) 






21 


73 


64 


220 


r($° 


■ ZZ) 


31 


110 


42 


150 


126 


440 



between the EW-SM cross section and the EW-LH, EW- 
GM, and EW-LR cross sections respectively, as defined 
by Equation [l8l 

The observability of a Higgs triplet signal in a VV 
channel is determined by the relative size of the sig- 
nal to background, and by the assumed integrated lu- 
minosity. So, for example, in the Littlest Higgs model 
with M$ = 1.0 TeV and v' = 39 GeV, the cross sec- 
tion after cuts in the W^W^ channel is 0.244 fb, com- 
pared to the cross section of the combined backgrounds 
of 0.0798 fb. Assuming 100 fb'^ , this would result in 
roughly a 9a effect. One could invert this and ask what 
luminosity would be required to produce a 5(t discovery 
(i.e. S/Vb > 5). For this example, the luminosity re- 
quired would be 34 fb~^, resulting in '-^ 8 signal events. 
It may be possible to further optimize our cuts in order 
to enhance the event rate at the expense of lowering the 
signal to background ratio. In any case, there is a trade- 
off and this would also depend on detector details that 
are beyond the scope of this paper. To ensure that a sub- 
stantial number of signal events are observed, we impose 
a second criteria that there must be at least 10 signal 
events, resulting in a required integrated luminosity of 
41 fb~^. Following this procedure, in Table IVl we give 
the integrated luminosities required to produce a Scr sig- 
nal with at least 10 signal events for the various models 
for triplet masses of 1.0 and 1.5 TeV. 

The early years of LHC running are expected to pro- 
duce ~ 10 fb~^/year. It is therefore unlikely that a heavy 
Higgs triplet would be observed at the LHC in this period 
of time. Once design luminosity is achieved, it is expected 
that ~ 100 fb~^ will be produced per year. In this case 
it should be possible to observe a doubly-charged Higgs 
triplet in any of these models with the assumed parame- 
ter values. In the W^Z channel, it seems that only the 
charged scalar in the Georgi-Machacek model could be 
observed. The W'^W~ channel is the least promising 
for observing a Higgs triplet due to the large QCD and 
t-quark backgrounds in this channel. 

The values in Tables ITVl and IVl were obtained assuming 
a triplet vev of v' = 39 GeV, which is the upper bound 
in the Georgi-Machacek model. However, in the Littlest 
Higgs model this parameter is constrained to w' < 4 GeV, 
while in the Left-Right Symmetric model the constraint 



is w' ^ 2 GeV. The Higgs triplet production cross section 
is proportional to v'"^, so, with these upper limits, the 
cross sections would be reduced by a factor of roughly 
10-2 and 2 x lO'^ for the Littlest Higgs and Left-Right 
Symmetric models respectively. With the resulting cross 
section values, it is clear that to observe any of the TeV- 
scale Higgs triplet bosons of the Littlest Higgs or Left- 
Right Symmetric models at the LHC using leptonic final 
states would require several ab"^ of integrated luminosity 
and would await the SLHC. However, as is usual in model 
building, it is possible that the existing constraints could 
be evaded, making these processes more useful than we 
pessimistically conclude. 



VI. SUMMARY 

In this paper, we presented the results of a study of 
Higgs triplet production via vector boson scattering at 
the LHC. The production cross sections are highly sensi- 
tive to the triplet vacuum expectation value («') which is 
already tightly constrained by precision electroweak data. 
Of the three models considered, the Georgi-Machacek 
model can have the largest cross sections due to the weak- 
est constraint on v' . The W^W^ channel is the most 
promising discovery channel due to its distinctive final 
state. However, it is still possible to observe a signal for 
the W^Z channel for certain regions of parameter space. 
The observation of this channel is a smoking gun for a 
Higgs triplet, as this process does not occur in Two Higgs 
Doublet Models. Discovery of the neutral Higgs triplet 
state is least promising due to the large QCD and i-quark 
backgrounds in the W^W~ channel and the small sig- 
nal cross section in the ZZ — >■ channel. The 
ZZ — ^ l'^l~vV channel might slightly improve the 
discovery potential, but we have not included this in our 
analysis and leave this for a future study. High lumi- 
nosity is required for some of the channels and models, 
which will require the SLHC. 

One of the goals of this work was to determine whether 
scalar triplet production via vector boson scattering at 
the LHC could be used to distinguish between models 
with Higgs triplet bosons. Our conclusions are qualified. 
The current constraints on the triplet vev in the Littlest 
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TABLE IV: LHC cross sections (in fb) for vector boson scattering using the cuts listed in Table [TTl The cross sections are 
shown for the three models we are considering, using a triplet vev of v' = 39 GeV and Higgs triplet masses of A'/# = 1.0 TeV 
(left-hand columns) and A'/# = 1.5 TeV (right-hand columns). The cross section values obtained using MadGraph are accurate 
to ~ 1%. 



= 1.0 TeV 



M* = 1.5 TeV 



Process 


Leptonic Cuts 


+ Jet Tag 




-1- Jet Veto 


Leptonic Cuts 


+ Jet Tag 




-1- Jet Veto 


W±W± 




EW- LH 


9.39 X 


10" 


1 


3.03 X 


10" 


1 


2.55 


X 


10" 


1 


2.92 X 


10" 


1 


1.05 X 


10" 


1 


8.85 X 


10" 


2 


EW - GM 


9.41 X 


10" 


1 


3.06 X 


10" 


1 


2.56 


X 


10" 


1 


2.88 X 


10" 


1 


1.03 X 


10" 


1 


8.75 X 


10" 


2 


EW - LR 


9.36 X 


10" 


1 


3.04 X 


10" 


1 


2.56 


X 


10" 


-1 


2.91 X 


10" 


1 


1.04 X 


10" 


1 


8.87 X 


10" 


2 


EW - SM 


2.01 X 


10" 


1 


1.57 X 


10" 


2 


1.06 


X 


10" 


2 


6.48 X 


10" 


2 


4.91 X 


10" 


3 


3.42 X 


10" 


3 


QCD Bkgd. 


1.16 X 


10" 


1 


7.90 X 


10" 


4 


4.22 


X 


10" 


4 


4.51 X 


10" 


2 


2.47 X 


10" 


4 


1.67 X 


10" 


4 


t-quark Bkgd. 


4.42 X 


10" 


1 


8.15 X 


10" 


4 


5.52 


X 


10" 


4 


1.29 X 


10" 


1 


1.38 X 


10" 


4 


7.33 X 


10" 


5 


W^Z Bkgd. 


5.75 






8.58 X 


10" 


2 


6.82 


X 


10" 


2 


1.45 






1.91 X 


10" 


2 


1.67 X 


10" 


2 


Total Bkgd. 


6.51 






1.03 X 


10" 


1 


7.98 


X 


10" 


2 


1.69 






2.44 X 


10" 


2 


2.04 X 


10" 


2 


Signal - LH 


7.38 X 


10" 


1 


2.87 X 


10" 


1 


2.44 


X 


10" 


-1 


2.27 X 


10" 


1 


1.00 X 


10" 


1 


8.51 X 


10" 


2 


Signal - GM 


7.40 X 


10" 


1 


2.90 X 


10" 


1 


2.45 


X 


10" 


-1 


2.23 X 


10" 


1 


0.98 X 


10" 


1 


8.41 X 


10" 


2 


Signal - LR 


7.35 X 


10" 


1 


2.88 X 


10" 


1 


2.45 


X 


10" 


1 


2.26 X 


10" 


1 


0.99 X 


10" 


1 


8.53 X 


10" 


2 


W±Z 




EW - LH 


9.50 X 


10" 


2 


1.95 X 


10" 


2 


1.56 


X 


10" 


2 


3.12 X 


10" 


2 


6.84 X 


10" 


3 


5.48 X 


10" 


3 


EW - GM 


2.44 X 


10" 


1 


7.46 X 


10" 


2 


6.15 


X 


10" 


2 


7.86 X 


10" 


2 


2.66 X 


10" 


2 


2.22 X 


10" 


2 


EW - LR 


1.51 X 


10" 


1 


4.01 X 


10" 


2 


3.28 


X 


10" 


2 


5.13 X 


10" 


2 


1.51 X 


10" 


2 


1.25 X 


10" 


2 


EW - SM 


5.47 X 


10" 


2 


4.47 X 


10" 


3 


3.03 


X 


10" 


3 


1.87 X 


10" 


2 


1.60 X 


10" 


3 


1.06 X 


10" 


3 


QCD Bkgd. 


1.60 






1.96 X 


10" 


2 


1.72 


X 


10" 


2 


3.34 X 


10" 


1 


2.60 X 


10" 


3 


2.25 X 


10" 


3 


f-quark Bkgd. 


2.54 X 


10" 


1 


1.02 X 


10" 


3 


7.30 


X 


10" 


4 


5.62 X 


10" 


2 


1.07 X 


10" 


4 


8.93 X 


10" 


5 


Total Bkgd. 


1.91 






2.51 X 


10" 


2 


2.10 


X 


10" 


2 


4.09 X 


10" 


1 


4.31 X 


10" 


3 


3.40 X 


10" 


3 


Signal - LH 


4.03 X 


10" 


2 


1.50 X 


10" 


2 


1.26 


X 


10" 


-2 


1.25 X 


10" 


2 


5.24 X 


10" 


3 


4.42 X 


10" 


3 


Signal - GM 


1.89 X 


10" 


1 


7.01 X 


10" 


2 


5.85 


X 


10" 


2 


5.99 X 


10" 


2 


2.50 X 


10" 


2 


2.11 X 


10" 


2 


Signal - LR 


0.96 X 


10" 


1 


3.56 X 


10" 


2 


2.98 


X 


10" 


2 


3.26 X 


10" 


2 


1.35 X 


10" 


2 


1.14 X 


10" 


2 


W+W" 




EW - LH 








































EW - GM 


1.62 X 


10" 


1 


2.08 X 


10" 


2 


9.91 X 


10" 


3 


7.28 X 


10" 


2 


9.20 X 


10" 


3 


4.35 X 


10" 


3 


EW - LR 


2.35 X 


10" 


1 


4.63 X 


10" 


2 


2.28 X 


10" 


2 


9.70 X 


10" 


2 


1.84 X 


10" 


2 


9.23 X 


10" 


3 


EW - SM 


1.32 X 


10" 


1 


1.07 X 


10" 


2 


4.75 X 


10" 


3 


5.98 X 


10" 


2 


4.32 X 


10" 


3 


1.79 X 


10" 


3 


QCD Bkgd. 


4.72 






1.61 X 


10" 


2 


4.29 X 


10" 


3 


9.18 X 


10" 


1 


3.13 X 


10" 


3 


8.34 X 


10" 


4 


t-quaxk Bkgd. 


5.70 X 


lOi 




5.16 X 


10" 


2 


1.48 


X 


10" 


2 


1.28 X 


10^ 




1.18 X 


10" 


2 


3.99 X 


10" 


3 


Total Bkgd. 


6.18 X 


10^ 




7.84 X 


10" 


2 


2.38 X 


10" 


2 


1.38 X 


10^ 




1.92 X 


10" 


2 


6.61 X 


10" 


3 


Signal - LH 








































Signal - GM 


0.30 X 


10" 


1 


1.01 X 


10" 


2 


5.16 X 


10" 


3 


1.30 X 


10" 


2 


4.88 X 


10" 


3 


2.56 X 


10" 


3 


Signal - LR 


1.03 X 


10" 


1 


3.56 X 


10" 


2 


1.80 


X 


10" 


2 


3.72 X 


10" 


2 


1.41 X 


10" 


2 


7.44 X 


10" 


3 


ZZ 




EW - LH 


1.59 X 10" 


2 


4.67 X 10" 


3 










5.58 X 10" 


3 


1.78 X 10" 


3 








EW - GM 


2.12 X 10" 


2 


6.77 X 10" 


3 










7.01 X 10" 


3 


2.38 X 10" 


3 








EW - LR 


5.28 X 10" 


2 


1.86 X 10" 


2 










1.51 X 10" 


2 


5.87 X 10" 


3 








EW - SM 


3.20 X 10" 


3 


1.83 X 10" 


4 










1.30 X 10" 


3 


4.80 X 10" 


5 








QCD Bkgd. 


8.00 X 10" 


2 


1.50 X 10" 


3 










1.67 X 10" 


2 


3.49 X 10" 


4 








Total Bkgd. 


8.32 X 10" 


2 


1.68 X 10" 


3 










1.80 X 10" 


2 


3.97 X 10" 


4 








Signal - LH 


1.27 X 10" 


2 


4.49 X 10" 


3 










4.28 X 10" 


3 


1.73 X 10" 


3 








Signal - GM 


1.80 X 10" 


2 


6.59 X 10" 


3 










5.71 X 10" 


3 


2.33 X 10" 


3 








Signal - LR 


4.96 X 10" 


2 


1.84 X 10" 


2 










1.38 X 10" 


2 


5.82 X 10" 


3 
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TABLE V: The integrated luminosity (in fb~^) required for a statistical significance of S/^/B > 5 and at least 10 signal events, 
after the cuts of Table |IT] have been imposed. These results were obtained for a triplet vev of v' — 39 GeV, using the cross 
section values listed in Table HVl 



Channel 


Littlest Higgs 
= 1.0 TeV M* = 1.5 TeV 

(fb-^) (fb-^) 


Georgi-Machacek 
= 1.0 TeV AU = 1.5 TeV 

(fb-^) (fb-^) 


Left-Right Symmetric 
M* = 1.0 TeV A/* = 1.5 TeV 
(fb-^) (fb-^) 




41 


118 


41 


119 


41 


117 


W^Z 


3300 


4350 


171 


474 


591 


877 


w+w- 






22300 


25200 


1840 


2980 


zz 


2230 


5780 


1520 


4290 


543 


1720 



Higgs and Left- Right Symmetric models result in produc- 
tion cross sections that would require significant luminos- 
ity to be able to distinguish triplet scalars from Standard 
Model backgrounds, higher than the expected LHC lu- 
minosities. In these scenarios, these measurements could 
at best constrain the allowed parameter space. However, 
if the W^W^ and W^Z signals are observed, it would 
be possible to distinguish the three models we studied by 
computing the ratio of the rates in those two channels. 
In doing so, the dependence on the triplet vev cancels 
out, and this ratio would be sensitive to the details each 
model. 

We focused our work on the fully Icptonic final states, 
which are easiest to distinguish from Standard Model 
backgrounds. The "silver-plated" semileptonic decay 
modes have significantly higher branching ratios and 
could potentially improve the statistics; the branch- 
ing ratios are BCW^W^ — > I'^vl^u) ^ 5% versus 
B{W^W^ l^vqq) ~ 29%, B{W^Z l^vl+l-) - 



1.5% versus B(VF±Z ^ l^vqq + qql+l') - 20%, and 
B{ZZ l+l-l+l-) ~ 0.44% versus B{ZZ l+l~qq) - 
9%. However, much depends on the efficiency in recon- 
structing W and Z bosons in their hadronic modes. In 
addition, the kinematic cuts would need to be modified 
to take into account the hadronic final states. We leave 
this excercise for a future study. 
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